Elovl5 activity regulates hepatic ATGL and CGI58 expression respectively) and antagonists (i.e., GW6471, GSK3787, and T0070907, respectively) were obtained from Tocris Bioscience (Bristol, UK).
14 C-labeled FAs were obtained from Amersham Radiochemicals ( 14 C-palmitate), Perkin Elmer ( 14 C-oleate and 14 C-linolenate), and American Radiolabeled Chemicals ( 14 C-cis -vaccenate). Antibodies against ATGL were obtained from Cell Signaling (Danvers, MA). Antibodies against CGI58 (ABHD5), X-box binding protein 1 (XBP1), cAMP-dependent transcription factor 6 ␣ (ATF6 ␣ ), and Na,K-ATPase were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The TATA-binding protein (TBP) antibody was obtained from Abcam (Cambridge, MA). The antibodies against calnexin, pyruvate dehydrogenase E1 ␣ (PDE1 ␣ ), phospho-S 293 -PDE1 ␣ , phospho-S 300 -PDE1 ␣ , pyruvate dehydrogenase kinase 4 (PDK4), and vinculin were purchased from Millipore/ EMD. The secondary antibodies, IRDye 680 and IRDye 800 (antimouse, anti-rabbit, and anti-goat), were obtained from LiCor Inc. (Lincoln, NE).
Recombinant adenovirus
The source, construction, purifi cation, titration, and use of the recombinant adenovirus expressing luciferase (Ad-Luc) and Elovl5 (Ad-Elovl5) was described previously ( 14, 15 ) . Construction of adenovirus expressing ATGL (Ad-ATGL), shRNA-ATGL (Ad-shRNA-ATGL), and shRNA-scrambled (Ad-shRNA-scrambled) were described previously ( 5, 21 ) .
Dietary manipulation and adenoviral infection of mice
All procedures for the use and care of animals for laboratory research were approved by the Institutional Animal Care and Use Committee at Oregon State University. Male C57BL/6J mice were fed a low-fat diet (LFD: 10% calories as fat diet; Research Diets, D12450B) or a high-fat diet (HFD: 60% calories as fat diet; Research Diets, D12492) for 12 weeks ( 14 ) . After 12 weeks on these diets, mice fed the LFD were lean and euglycemic; whereas mice fed the HFD were obese, hyperglycemic, glucose intolerant, and insulin resistant and had fatty liver. Five days prior to termination of the experiment, mice were infected with Ad-Luc or AdElovl5. Five days later, mice were fasted overnight; half of the fasted mice were refed their diets for 4 h. Fasted and refed mice were euthanized at 8 AM and 12 noon for the recovery of blood and liver. Most data reported here are from fasted mice; the supplementary data contains data from fasted and refed mice. Methods for liver recovery and preparation of protein and RNA extracts were described previously ( 14 ) .
Immunoblot analysis of proteins
Proteins were extracted from mouse liver, AML12 cells, and HepG2 cells for immunoblotting as described previously ( 14, 18, 19 ) . Loading controls for immunoblotting included Na,K-ATPase, calnexin, vinculin, and TBP.
RNA extraction and quantitative real-time PCR
Total RNA was extracted from mouse liver, AML12, and HepG2 cells using TRIzol (Invitrogen), and transcript levels were measured by quantitative RT-PCR (qRT-PCR) as described ( 14, 19 ) . Gene-specifi c primers are listed in (supplementary Table I ). All primer pairs were assessed for reaction effi ciency and product size; all reactions were performed in triplicate. The relative amounts of mRNAs were calculated by using the comparative CT method (User Bulletin #2, Applied Biosystems, Carlsbad, CA). Cyclophilin was used as a control for these studies ( 22 ) .
Measurement of plasma ␤ -hydroxybutyrate and HTG
The methods for measurement of plasma ␤ -hydroxybutyrate and HTG contents were described previously ( 14 ) . generated by de novo lipogenesis (DNL), or recovered from portal circulation. Hepatic TG (HTG) hydrolysis provides NEFA substrates for FA oxidation (FAO) and VLDL assembly and secretion ( 4, 7 ) . Fatty liver develops when there is an imbalance in these pathways. Recent rodent studies suggest that fatty liver maybe associated with problems in unsaturated FA metabolism (8) (9) (10) (11) (12) (13) .
We previously reported that FA elongase (Elovl) 5, a key PPAR ␣ -regulated enzyme involved in MUFA and PUFA synthesis, was suppressed in fatty livers of diet-induced obese (DIO) mice ( 14, 15 ) . A modest 2-fold increase in hepatic Elovl5 activity in obese mice reduced HTG content to levels seen in lean mice. Hepatic cholesterol and fasting plasma TG levels, however, were not affected by changes in Elovl5 activity.
Elovl5 is one of seven Elovl subtypes expressed in humans and rodents. Using malonyl CoA, NADPH, and fatty acyl-CoA as substrates, Elovl5 and its associated enzymes (3-keto CoA reductase, 3-hydroxyacyl CoA dehydrase, and trans -2,3-enoyl CoA reductase) catalyze two-carbon additions to both MUFAs and PUFAs. Elovl5 plays a key role in the synthesis of C 20 n-6 PUFAs [e.g., arachidonic acid (ARA), 20:4,n-6] and C 22 n-3 PUFAs (e.g., DHA, 22:6,n-3), as well as the n-7 class of MUFAs, specifi cally, cis -vaccenic acid ( cis -VA, 18:1,n-7). Elovl5, however, does not elongate saturated FAs (SFAs) or the n-9 class of MUFAs (15) (16) (17) .
Our previous studies established that hepatic Elovl5 activity was inversely associated with TG content, blood glucose, and hepatic expression of enzymes involved in gluconeogenesis (GNG) ( 14, 15, 18 ) . While the mechanism for Elovl5 control of blood glucose and GNG was linked to cis -VA synthesis and its regulation of the mammalian target of rapamycin complex 2-thymoma viral proto-oncogeneforkhead box O1 (mTORC2-AKT-FoxO1) pathway ( 14, 19 ) , the mechanism for Elovl5 control of HTG is unknown.
This report examined mechanisms to explain how changes in hepatic Elovl5 activity regulate TG content. Using a DIO mouse model ( 14, 15 ) , we established that Elovl5 regulates HTG content by controlling the abundance of adipocyte TG lipase (ATGL), also known as patatin-like phospholipase domain-containing (PNPLA) 2, and its coregulator, comparative gene identifi cation 58 [CGI58, also known as ␣ / ␤ -hydrolase fold domain-containing protein 5 (ABHD5)] ( 20 ) . DIO suppressed hepatic FAO and the expression of multiple PPAR-regulated genes. While elevated Elovl5 activity did not increase the capacity of the liver to ␤ -oxidize FAs, Elovl5 activity increased hepatic levels of key PUFAs that activated PPAR signaling and induced ATGL.
MATERIALS AND METHODS

Materials
DMEM with high glucose (25 mM), DMEM/F12 medium, and antibiotics for cell culture were obtained from Invitrogen. Hyclone fetal calf serum was purchased from Thermo-Fisher Scientifi c. Transferrin, sodium selenite, sodium ascorbate, and HEPES were purchased from Sigma Chemical Co. Chemical agonists for PPAR ␣ , PPAR ␤ , and PPAR ␥ (i.e., WY14643, GW0742, and pioglitazone, 
HepG2 and AML12 cell culture
Human HepG2 hepatoma cells (CRL11997) and mouse AML12 hepatocytes (CRL2254) were obtained from American Type Culture Collection (Manassas, VA). HepG2 cells were grown in DMEM with 25 mM glucose media with 10% fetal calf serum. AML12 cells were grown in DMEM/F12 with fetal calf serum (10%), insulin (1 M), dexamethasone (200 nM), transferrin (6 g/ml), selenium (6 ng/ml), ascorbate (100 M), and HEPES, pH 7.4 (25 mM). All media contained antibiotics (penicillin and streptomycin), and all experiments were carried out in cells grown on 6-well plates (Corning Life Sciences, Corning, NY) in a humidifi ed incubator at 37°C and 5% CO 2 . AML12 and HepG2 cells were infected with recombinant adenovirus expressing either a control virus (Ad-shRNA-scrambled) or test viruses (Ad-ATGL and Ad-shRNA-ATGL) at 20 infectious units (IU) per cell. Analysis of 14 C-18:2,n-6 uptake, assimilation into complex lipids, and FAO used methods described previously ( 22 ) .
Statistical analysis
Statistical analyses used StatView statistical software and the VassarStats website (http://vassarstats.net/). Specifi c analyses included one-way and two-way ANOVA plus the post hoc Tukey test for honestly signifi cant difference (HSD). Student's t -test was also used. Data are expressed as mean ± SD; P р 0.05 was considered statistically different.
RESULTS
Elovl5 activity regulates HTG content and endoplasmic reticulum stress
C57BL/6J mice fed an HFD (60% energy as fat) develop fatty liver as refl ected by a ‫ف‬ 2-fold increase in HTG ( Fig. 1A ) . These mice also have 60% lower plasma ␤ -hydroxybutyrate, when compared with LFD-fed (10% energy as fat) mice, suggesting a problem with hepatic FAO ( Fig. 1B ) . Fatty liver in HFD-fed mice is also associated with increased nuclear content of two endoplasmic reticulum (ER) stress markers ( 31, 32 ) , that is, XBP1 (3-fold) and ATF6 ␣ (1.8-fold) ( Fig. 2 ) .
The HFD lowered hepatic Elovl5 mRNA, protein, and activity by ‫ف‬ 40%, while Ad-Elovl5 infection of HFD-fed mice increased Elovl5 protein and activity by ‫ف‬ 2-fold ( 14 ) . Increased hepatic Elovl5 activity was associated with a reduction of HTG and an increase in plasma ␤ -hydroxybutyrate to levels seen in lean LFD-fed mice ( Fig. 1 ) . These parameters were signifi cantly affected by an interaction between diet (LFD vs. HFD) and genotype (Ad-Luc vs. Ad-Elovl5). While ER-stress markers were signifi cantly reduced in both lean and obese mice infected with Ad-Elovl5 ( Fig. 2 ) , there was no signifi cant interaction between diet and genotype. Changes in ER-stress markers were associated with changes in Elovl5 expression (genotype).
Increasing hepatic Elovl5 activity in lean or obese mice had no effect on food intake, body weight, plasma TGs or NEFAs, or hepatic cholesterol content ( 14, 18 ) . Increased hepatic Elovl5 also did not impair the fast-feed response of glycerol-3-phosphate acyltransferase-1 (GPAT1) or affect hepatic microsomal TG transport protein mRNA abundance (supplementary Figs. I, II). These fi ndings suggest that
Targeted metabolomic analysis of hepatic acyl carnitines
Targeted metabolomic analysis was performed using fasted livers from obese mice. This analysis was carried out at the Sarah W. Stedman Nutrition and Metabolism Center, Duke University Medical Center. Hepatic fatty acyl carnitines were quantifi ed as described previously ( 23, 24 ) .
Ex vivo FAO assay in liver
FAO in mouse liver samples used the methods described by others ( 25, 26 ) with minor modifi cations. Briefl y, livers ( ‫ف‬ 25 mg) were homogenized in 1 ml of the homogenization buffer containing 100 mM sucrose; 10 mM Tris-HCl, pH 7.5; 5 mM potassium phosphate; 80 mM potassium chloride; 1 mM magnesium chloride; and protease inhibitors (cOmplete, Mini, EDTA-free; Roche). Protein was quantifi ed by Quick Start Bradford Dye Reagent from Bio-Rad (Hercules, CA). The fi nal reaction mix contained the following: 100 mM sucrose; 10 mM Tris-HCl, pH 7.5; 5 mM potassium phosphate; 80 mM potassium chloride; 1 mM magnesium chloride; 2 mM L -carnitine; 0.125 mM malate; 2 mM ATP; 0.2 mM CoA; 0.05 mM DTT; 0.2 mM EDTA; 0.3% BSA; 100 M 18:2,n-6; 0.2 Ci 14 C-18:2,n-6/reaction; and ‫ف‬ 100 g protein/reaction in a total volume of 200 l. The reaction was run at 30°C for 1 h in screw-capped microfuge tubes. The reaction was stopped with 40 l of 60% perchloric acid and mixing. Total and acid soluble 14 C was quantifi ed by ␤ -scintillation counting as described ( 22 ) , and the results were expressed as nanomoles of acid soluble material (ASM) per milligram of protein.
The method for FAO analysis in HepG2 and AML12 cells was described previously ( 22 ) . Assays used 
Ex vivo measurement of HTG hydrolysis
TG hydrolysis was measured according to procedures reported by others ( 5, 27, 28 ) with minor modifi cations. Briefl y, ‫ف‬ 100 mg of liver was homogenized in Buffer A1 (0.25 M sucrose, 1 mM EDTA, 1 mM DTT, and containing protease inhibitors). Homogenates were centrifuged at 28,700 rpm in an SW50.1TI rotor (100,000 g ) for 1 h at 4°C. The delipidated homogenate was recovered and assayed for TG hydrolysis. The substrate for TG hydrolysis was prepared as described ( 5, 27, 28 ) with minor modifi cations. Briefl y, 0.5 Ci 14 C-triolein (NEC674L, PerkinElmer; 14 C was carbon 1 of the oleic acid acyl chain), 2.5 mol of triolein (NuChek Prep), and 640 nmol of phosphatidyl choline (Avanti Polar Lipids) were added to a glass tube and dried under nitrogen. Lipids were resuspended in 0.75 ml of TNE buffer (20 mM Tris-Cl, pH 7.5; 0.15 M NaCl; and 1 mM EDTA), the sample was vigorously vortexed to create an emulsion, 0.6 ml of the Buffer A1 and 0.15 ml of 20% BSA (in Buffer A1) were added, and the suspension was vigorously vortexed again.
The TG hydrolysis reaction mix was in a fi nal volume of 200 l and contained 200 g of hepatic protein, 167 nmol of triolein; 50 nCi of 14 C-triolein and 43 nmol phosphatidyl choline . The reaction was run at 37°C for 2 h with intermittent mixing. Reaction products were extracted in chloroform-methanol (2:1), dried under nitrogen, and resuspended in chloroform. Reaction products were fractionated into neutral lipids (tri-, di-, and monoacylglycerides) and NEFAs using an aminopropyl column (Alltech) as described previously ( 29, 30 ) . The neutral lipid and NEFA fractions were dried under nitrogen and resuspended in 100 l of chloroform, and the radioactivity was quantifi ed by ␤ -scintillation counting. Results are reported as nanomoles oleic acid released per milligram of protein per hour. Fig. 1 . Elevated Elovl5 activity decreases HTG and increases plasma ␤ -hydroxybutyrate in DIO mice. HTG (A) and plasma ␤ -hydroxybutyrate (B) were measured in fasted lean and obese mice maintained on an LFD or an HFD for 12 weeks. Mice were infected with either Ad-Luc or Ad-Elovl5 (Materials and Methods). Measurement of HTG and plasma ␤ -hydroxybutyrate was previously described ( 14 ) . Results are from two separate studies and are expressed as mean ± SD, n = 6. a , P р 0.05 versus Ad-Luc-infected mice on the LFD (diet effect); b , P р 0.05 versus Ad-Luc-infected mice fed the LFD or HFD (genotype effect); c , P р 0.05, interaction between diet (LFD vs. HFD) and genotype (Ad-Luc vs. AdElovl5); two-way ANOVA with post hoc HSD test. Fig. 2 . Elevated Elovl5 activity suppresses markers of hepatic ER stress in fasted lean and obese mice. Hepatic extracts from fasted lean (LFD) and obese (HFD) mice infected with either Ad-Luc or Ad-Elovl5 were prepared and examined for nuclear protein abundance of XBP1 and ATF6 ␣ (Materials and Methods). A: Representative immunoblots, n = 3 mice per group. B and C: Quantifi ed levels of nuclear protein abundance of XBP1 (B) and ATF6 ␣ (C) relative to loading control, TBP. Results are presented as nuclear abundance; the results are from two separate studies and expressed as mean ± SD, n = 6. a , P р 0.05 versus Ad-Luc-infected mice on the LFD (diet effect); b , P р 0.05 versus Ad-Luc-infected mice on the LFD or HFD (genotype effect); two-way ANOVA with post hoc HSD test.
Elovl5 regulates HTG content through pathways controlling TG catabolism and/or FAO.
Impact of diet and Elovl5 on FAO in lean and obese mice
The effects of diet and Elovl5 on FAO were investigated using hepatic extracts to measure the formation of 14 Clabeled ASM generated from 14 C-18:2,n-6 ( Fig. 3 ) ; ASM is a measure of FAO. The HFD lowered hepatic FAO by ‫ف‬ 50%, which is in agreement with other reports ( 25 ) . Elevated hepatic Elovl5 activity did not increase ␤ -oxidation of 14 C-18:2,n-6 in LFD-or HFD-fed mice ( Fig. 3A ) .
While the HFD did not affect PDK4 expression, PDK4 mRNA was signifi cantly induced 2.5-and 6-fold, respectively, in LFD-and HFD-fed mice infected with Ad-Elovl5. The HFD had no signifi cant effect on the expression of enzymes involved in fatty acyl carnitine metabolism [carnitine palmitoyl transferase (CPT) 1a and CPT2], mitochondrial ␤ -oxidation [long-chain acyl-CoA dehydrogenase (LCAD), medium-chain acyl-CoA dehydrogenase (MCAD), and shortchain acyl-CoA dehydrogenase (SCAD)], or sirtuin 3 (SIRT3), an NAD + -regulated deacetylase implicated in the control of FAO ( 25, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) ( Fig. 3B ) . Increased Elovl5 activity, however, signifi cantly ( ‫ف‬ 2-fold) increased CPT2, LCAD, and MCAD in livers of obese mice.
The impact of Elovl5 on PDK4 expression was examined further because of the role PDK4 plays in regulating mitochondrial substrate utilization. Increased PDK4 activity is associated with decreased carbohydrate and increased FA utilization by mitochondria (48) (49) (50) . PDK4 phosphorylates a key regulatory subunit of pyruvate dehydrogenase (i.e., PDE1 ␣ ). Phosphorylation of PDE1 ␣ inhibits pyruvate dehydrogenase activity leading to increased mitochondrial utilization of FAs for oxidation. We quantifi ed the level of PDK4 and PDE1 ␣ protein, as well as PDE1 ␣ phosphorylation at two regulatory sites, S 293 -PDE1 ␣ and S 300 -PDE1 ␣ ( Fig. 4 ). Diet did not signifi cantly affect PDK4, total PDE1 ␣ protein abundance, or the phosphorylation status of PDE1 ␣ at S 293 or S
300
. Elevated Elovl5 activity, however, signifi cantly lowered PDK4 protein abundance ( у 50%) in both the LFD-and HFD-fed mice. The decline in PDK4 protein is in contrast with the effect of Elovl5 on PDK4 mRNA ( Fig. 3 ) and likely represents a posttranslational regulatory mechanism controlled by Elovl5. Elevated Elovl5 activity had no effect on the phosphorylation of S 293 -PDE1 ␣ in either LFD-or HFD-fed mice and modestly induced S 300 -PDE1 ␣ phosphorylation in LFD-fed mice only ( Fig. 4C, D ) . The effect of elevated Elovl5 activity on PDK4 protein abundance and the lack of signifi cant Elovl5 control of PDE1 ␣ phosphorylation status, a surrogate of pyruvate dehydrogenase activity, argue against products of Elovl5 activity controlling hepatic ␤ -oxidation or mitochondrial substrate utilization.
Elevated Elovl5 activity increases hepatic fatty acyl carnitines
To gain further insight into how Elovl5 regulates HTG content, we carried out a targeted metabolomic analysis to quantify fatty acyl carnitines in livers obtained from fasted obese mice. This analysis provided a second and independent approach to examine ␤ -oxidation of hepatic FAs. The analysis identifi ed multiple fatty acyl carnitines in livers of fasted obese mice; acyl chains ranged in size from 2 to 22 carbons and included acyl carnitines derived from SFAs, MUFAs, and PUFAs ( Fig. 5 ). More importantly, livers derived from obese mice with elevated Elovl5 activity had signifi cantly higher levels of nearly all fatty acyl carnitines. Because Elovl5 had no effect on plasma NEFAs and TGs ( 14 ) or hepatic ␤ -oxidation ( Fig. 3 ) , these results suggest that increased hepatic FA acyl carnitines were derived from increased substrate availability for mitochondrial ␤ -oxidation. The likely source of these FAs is the catabolism of stored lipid (e.g., TGs and/or cholesteryl esters ).
Elevated hepatic Elovl5 activity increases TG catabolism and the expression of enzymes involved in TG hydrolysis
TG catabolism was quantifi ed in hepatic extracts prepared from LFD-and HFD-fed mice using 14 C-triolein as substrate. While diet did not affect the release of 14 C-oleic acid from 14 C-triolein in hepatic extracts, elevated Elovl5 activity increased 14 C-oleic acid released from 14 C-triolein by у 2-fold ( Fig. 6A ) .
We next examined the effect of diet and Elovl5 on the expression of several enzymes involved in HTG catabolism. Livers with elevated Elovl5 activity had a ‫ف‬ 2-fold higher expression of ATGL and signifi cantly (>60%) lower TG hydrolase [TGH, also known as carboxyesterase 3 (Ces3)] expression. Elevated Elovl5 activity, however, had no signifi cant effect on hepatic mRNAs encoding CGI58, adiponutrin (ADPN, also known as PNPLA3), or arylacetamide deacetylase (AADAC) ( Fig. 6B ) .
Elovl5 increased ATGL protein у 2-fold in both LFDand HFD-fed mice ( Fig. 6C, D ) . The level of ATGL protein in HFD-fed mice infected with Ad-Elovl5, however, was not significantly different than ATGL in livers of LFD-fed Ad-Luc-infected mice. In contrast to the results in CGI58 protein abundance was signifi cantly ( у 2-fold) higher in livers of LFD-and HFD-fed mice expressing elevated Elovl5 ( Fig. 6C, E ) . This outcome suggests that Elovl5 activity controls CGI58 protein levels through a posttranslational pathway. This outcome suggests that the combination of increased ATGL and CGI58 protein likely accounts for the elevated TG catabolism in livers of HFD-fed Ad-Elovl5-infected mice ( Fig. 6A ) . TGH/CES3 protein abundance was not measured because a decline in the expression of TGH is not consistent with increased TG catabolism.
Impact of diet and Elovl5 activity on hepatic gene expression
ATGL protein is ‫ف‬ 50% lower in livers of HFD-fed mice than LFD-fed mice ( Fig. 6C ) . Recent studies indicate that reduced or absent cellular ATGL is associated with impaired PPAR signaling (51) (52) (53) . Elovl5 is a PPAR ␣ -target gene, and the HFD knocks down both Elovl5 and ATGL expression. Elovl5 activity plays a key role in long-chain MUFA and PUFA synthesis ( 14, 15, 18 ) . Moreover, SFAs, MUFAs, and PUFAs are established PPAR ␣ , ␤ , and ␥ ligands; . Assays were performed in triplicate and are representative of two studies. Results are represented as oleic acid released (nmol/mg protein/h) from TGs (mean ± SD; n у 4/group). B: Mouse liver RNA from fasted LFD-and HFD-fed mice infected with either Ad-Luc or Ad-Elovl5 were prepared as described ( 14 ) . mRNA levels of enzymes involved in TG hydrolysis (ATGL, PNPLA2; CGI58, ABHD5; ADPN, PNPLA3; TGH; and AADAC) were quantifi ed by qRT-PCR ( 14 ) . Expression of these transcripts is presented relative to the housekeeping gene cyclophilin. Results are presented as mRNA abundance fold change, relative to LFD Ad-Luc-infected mice; mean ± SD, n = 6. C-E: Representative immunoblots, n = 3 mice per treatment and protein abundance of ATGL and CGI58 relative to loading control calnexin and Na,K-ATPase, respectively. Results were quantifi ed and presented as protein abundance, relative to the loading control. Results are from two separate studies and expressed as mean ± SD, n = 6. a , P р 0.05 versus Ad-Luc-infected mice fed the LFD (diet effect); b , P р 0.05 versus Ad-Luc-infected mice fed the LFD or HFD (genotype effect); c , P р 0.05 versus Ad-Elovl5-infected mice fed the LFD or HFD (diet-genotype interaction); two-way ANOVA with post hoc HSD test.
all PPAR subtypes are expressed in liver ( 54, 55 ) (supplementary Fig. III ). As such, changes in Elovl5 activity can potentially impact PPAR signaling. We assessed the effects of diet and Elovl5 activity on hepatic gene expression by quantifying expression levels of several PPAR-regulated genes involved in hepatic lipid synthesis ( 14, 18, 54, 56 ) ( Fig. 7 ) .
Expression of enzymes involved in MUFA synthesis [Elovl6 and stearoyl-CoA desaturase 1 (SCD1)], PUFA synthesis [Elovl2, FA desaturase 1 (FADS1), and FA desaturase 2 (FADS2)], microsomal FAO (CYP4A10), hydrolysis of fatty acyl-CoA thioester formation [acyl CoA thioesterase 1 (ACOT1), cytosolic thioesterase 1 (CTE1) and hydroxyacylcoenzyme A dehydrogenase/2-ketoacyl-coenzyme A thiolase/enoyl-coenzyme A hydratase (trifunctional) protein (HADAH)], and synthesis of ketone bodies (HMG-CoASyn2), as well as the transcriptional coactivator peroxisome proliferator activated receptor-gamma co-activator 1 alpha (PGC1 ␣ ), were signifi cantly suppressed by the HFD and elevated Elovl5 activity ( Fig. 7A ) . In some cases, there was a signifi cant diet-gene interaction (Elovl2, Fads2, CYP4A10, ACOT1, CTE1, and Hadha). In contrast, fi broblast growth factor 21 (FGF21) expression was not affected by diet but was induced by elevated Elovl5 activity only in HFD-med mice. PPAR ␥ expression was induced by the HFD but not affected by changes in Elovl5 activity. Induction of PPAR ␥ 2 mRNA is associated with hepatosteatosis in mice ( 57 ). Transcripts not signifi cantly affected include PGC1 ␤ , liver X receptor (LXR) ␣ , and cytochrome P450 7alpha hydroxylase (CYP7A). LXR ligands repress FGF21 ( 58 ); we see no evidence of HFD or Elovl5 repression of FGF21 expression.
Both elevated Elovl5 activity and the HFD induced PPAR ␣ protein in hepatic nuclei (supplementary Fig. III) . PPAR ␤ / ␦ nuclear abundance was not affected by Elovl5, but PPAR ␥ 2 nuclear protein was suppressed by 50% in livers of obese mice expressing elevated Elovl5 activity. Effects of the HFD and Elovl5 activity on PPAR subtype nuclear abundance cannot explain the effects of diet and Elovl5 activity on PPAR-target gene expression ( Fig. 7 ) .
Diet and Elov5 activity affect hepatic FA composition
Because Elovl5 plays a major role in both MUFA and PUFA metabolism and many of these FAs are PPAR ligands ( Fig. 8A ) , we examined the effect of diet and Elovl5 on hepatic FAs. The HFD contains ample levels of 16:0, 18:0, 18:1,n-9, and 18:2,n-6; low levels of palmitoleic acid (16:1,n-7); and no detectable cis -VA (18:1,n-7) ( 14 ) .
The ratio of product to precursor of hepatic FAs provides an indication of in vivo conversion. While the ratio of oleic acid (18:1,n-9) to stearate (18:0) was higher in HFDfed mice, changes in this ratio were not found to be significant ( Fig. 8B, C ) . Cis -VA is below detection in the HFD; as such, its presence in liver refl ects its conversion from 16:1,n-7. Both 16:1,n-7 and 18:1,n7 are lower in HFD-fed mice when compared with LFD-fed mice. Analysis of the 18:1,n-7/16:1,n-7 ratio reveals a signifi cant increase in this ratio in mice infected with Ad-Elovl5, particularly in the HFD-fed mice, and refl ects a signifi cant diet-genotype interaction. Increased Elovl5 activity changes the type of MUFA synthesized in liver from n-9 MUFAs to n-7 MUFAs. This shift may have physiological relevance. In a comparative test, 50% more 14 C-18:1,n-7 was oxidized to ASM than 14 C-18:1,n-9 in AML12 mouse hepatocytes (supplementary Fig. IV) . In this case, Elovl5 converts some FAs to a form that is more readily ␤ -oxidized.
The HFD and Ad-Elovl5 infection also signifi cantly affected hepatic PUFA content ( Fig. 8D-G ) . This effect is most apparent in the sum ( ∑ ) of C 22 FAs and the ratio of n-3 PUFAs to n-6 PUFAs ( Fig. 8D, E ). Diet and Elovl5 activity had no effect on the sum of C 20-22 n-6 PUFAs. Signifi cant effects were seen in the increase in C 22 n-3 PUFAs in livers of HFD-fed mice infected with Ad-Elovl5. These effects are seen in individual FAs and precursor-product analyses ( Fig.  8F-I ). Particularly relevant is the increased formation of intermediates in the n-6 PUFA pathway in mice infected with Ad-Elovl5 ( Fig. 8F,G ) . In this group, ARA (20:4,n-6) is lower in obese mice than lean mice and is not restored with elevated Elovl5. One explanation is that Elovl5 converts 20:4,n-6 to 22:4,n-6 and 22:5,n-6 ( Fig. 8G ) . Linoleic acid and ARA are the most common n-6 PUFAs accumulating in tissues. These PUFAs play a major role in membrane structure and cell signaling. Effects of C 22 n-6 PUFAs on cell function, however, are not well studied.
Similar effects of Ad-Elovl5 infection are seen in the formation of C 20-22 n-3 PUFAs ( Fig. 8G-I ). In this case, however, the process leads to the increased formation of 22:6,n-3, the major n-3 PUFA accumulating in tissues. Note that obesity is associated with a decline in the conversion of 18:3,n-3 to 22:6,n-3, and this is reversed by increased Elovl5 activity ( Fig. 8J ) .
Exogenous FAs regulate PDK4 and ATGL abundance in HepG2 cells
To understand the impact of HFD-and Elovl5-induced changes in FAs on hepatic gene expression, we treated HepG2 cells with MUFAs and PUFAs (100 M for 48 h) and quantifi ed ATGL, CGI58, and PDK4 mRNA abundance ( Fig. 9 ). PDK4 was used as a control for an established PPAR-target gene ( 48 ) . PDK4 mRNA was signifi cantly induced (0.5-to 5.5-fold) by several C 20-22 n-3 and n-6 PUFAs, but no C 18 MUFAs or 18:3,n-3. ATGL mRNA was induced ‫ف‬ 50% by 18:1,n-7, 20:2,n-6, 20:4,n-6, 20:5,n-3, and 22:6,n-3. CGI58 mRNA was not signifi cantly affected by any FAs.
PPARs regulate PDK4 and ATGL in HepG2 cells
To assess the role that PPAR subtypes played in the control of PDK4 and ATGL, we used selective PPAR agonists and antagonists and human HepG2 cells. Selective agonists for PPAR ␣ (WY14643), PPAR ␤ (GW0742), and PPAR ␥ (pioglitazone) induced PDK4 mRNA у 15-fold, and the PPARselective antagonists (GW6471, GSK3787, and T0070907) attenuated this response. Of the PPAR agonist examined, only the PPAR ␤ -selective agonist (GW0742) signifi cantly induced ATGL; the PPAR ␤ -selective antagonist (GSK3787) attenuated this response. Interestingly, PPAR ␣ and PPAR ␥ selective antagonists also suppressed ATGL mRNA below levels seen in cells treated with no agonist or antagonist. This outcome suggests that these selective antagonists may affect other factors controlling ATGL expression that are not involved in controlling PDK4 expression.
EPA is a well-established PPAR ligand. DHA, in contrast, is a weak PPAR agonist when compared with EPA. DHA, however, is retroconverted to EPA in hepatocytes and in The ratio of the sum of all n-3 PUFAs to the sum of all n-6 PUFAs in livers of LFD-and HFD-fed mice infected with either Ad-Luc or Ad-Elovl5. F: Diet and Elovl5 effects on the mole % of 18:2,n-6 and 20:4,n-6. Inset: Mole ratio of 20:4,n-6 to 18:2,n-6. G: Diet and Elovl5 effects on the mole % of 18:3,n-6, 20:3,n-6, 22:4,n-6, and 22:5,n-6. H: Diet and Elovl5 effects on the mole % of 18:3,n-3, 20:5,n-3, 22:5,n-3, and 22:6,n-3. I: Mole ratio of 20:4,n-6 to 18:2,n-6; 20:5,n-3 to 18:3,n-3; and 22:5,n-3 to 18:3,n-3. J: Mole ratio of 22:6,n-3 to 18:3,n-3. All results are the mean ± SD, n у 4/group. a , P р 0.05 versus Ad-Luc-infected mice fed the LFD (diet effect); b , P р 0.05 versus AdLuc-infected mice fed the LFD or HFD (genotype effect); c , P р 0.05 versus Ad-Elovl5-infected mice fed the LFD (diet-genotype interaction); two-way ANOVA with post hoc HSD test.
vivo, making it diffi cult to determine whether DHA is a PPAR ligand ( 29 ) . Nevertheless, we assessed the impact of the selective PPAR antagonists on EPA and DHA regulation of PDK4 and ATGL ( Fig. 10C , D ) . EPA and DHA induced PDK4 by 14-and 9-fold, respectively. This response was signifi cantly attenuated by all selective antagonists; GW6741 and GSK3787 were more effective than the PPAR ␥ antagonist (T0070907) at attenuating the induction of PDK4 by EPA and DHA. EPA and DHA induced ATGL mRNA by ‫ف‬ 70%, and this response was blocked by GSK3787, the PPAR ␤ -selective antagonist ( Fig. 10C, D ) . These fi ndings indicate that PDK4 expression is highly responsive to PPAR agonist; this response is not selective to specifi c PPAR subtypes. ATGL, in contrast, is weakly induced by the PPAR ␤ agonist (GW0742). GW0742, EPA, and DHA induced ATGL mRNA to a similar level ( ‫ف‬ 70%); this response was blocked by the PPAR ␤ antagonist (GSK3787).
To assess the effects of PPAR ␤ agonist (GW0742) on ATGL expression and lipid metabolism, AML12 cells were treated with vehicle (ethanol) or GW0742 for 48 h ( Fig. 11 ) . GW0742 induced ATGL ‫ف‬ 50%, which is similar to the induction of ATGL in HepG2 cells treated with GW0742, EPA, or DHA. Vehicle-, GW0742-, and GW0742 + GSK3787-treated AML12 cells received 14 C-18:2,n-6 for 6 h, and 14 C in TGs, polar lipids, and ASM was measured. GW0742-treated AML12 cells had ‫ف‬ 25% lower 14 C-18:2,n-6 in the TG fraction, while GW0742 + GSK3787 treatment reversed this effect. There was no change in the distribution of 14 C in the polar lipids or ASM. Thus, PPAR ␤ regulates ATGL expression and TG metabolism in AML12 cells.
We examined the time course for GW0742, EPA, and cis -VA regulation of PDK4 and ATGL in HepG2 cells (supplementary Fig. V, A-D) . Both EPA and GW0742 induced a rapid and sustained (up to 48 h) increase in PDK4 and ATGL mRNA. Cis -VA induces rictor mRNA and protein in HepG2 cells ( 19 ) . While cis -VA does not regulate PDK4 mRNA abundance, cis -VA induced ATGL in HepG2 cells. The response of ATGL to cis -VA treatment was slow when compared with rictor (supplementary Fig. V, C) . Moreover, cis -VA induction of ATGL was not responsive to selective PPAR antagonist cotreatment. Thus, cis -VA regulation of ATGL is mediated by PPAR-independent mechanisms.
Infl uence of ATGL expression of PPAR signaling
Cellular levels of ATGL have been associated with changes in PPAR signaling (51) (52) (53) 59 ). PPAR activity is sensitive to changes in intracellular FA composition, particularly as NEFA. When rat primary hepatocytes are challenged with EPA, hepatic levels of nonesterifi ed EPA, but not oleic acid, parallel changes in expression of CYP4A , a PPARtarget gene ( 29 ) . To determine whether changes in ATGL expression affect PPAR signaling, AML12 hepatocytes were infected with recombinant adenoviruses that induce (Ad-ATGL) or suppress (Ad-shRNA-ATGL) ATGL protein abundance ( Fig. 12 ) . Ad-shRNA-ATGL infection of AML12 cells lowered ATGL mRNA and protein abundance by у 75%, while Ad-ATGL infection of AML12 signifi cantly induced ATGL mRNA and protein abundance by >20-fold.
These changes in ATGL expression affected lipid metabolism. Uninfected cells and cells infected with Ad-shR-NA-scramble, Ad-shRNA-ATGL, or Ad-ATGL were treated with 14 C-18:2,n-6 for 6 h. Cells were harvested for total lipid extraction, and media were quantifi ed for ASM ( Fig. 12D ) . Total cellular lipids were fractionated by TLC to quantify 14 C assimilated into TGs, NEFAs, and polar lipids. The level of 14 C recovered in the TG and polar lipid fractions represented >99% of all 14 C on the TLC plates. As expected, knockdown of ATGL increased the assimilation of 14 C-18:2,n-6 into TGs, while induction of ATGL lowered 14 C in the TG fraction. There was no effect of altered ATGL expression on 14 C-18:2,n-6 assimilation into polar lipids or its appearance in media as ASM.
We next examined the response of PDK4 to MUFA and PUFA challenge in AML12 cells with attenuated or overexpressed ATGL ( Fig. 12E ) . In cells infected with Ad-shRNA-scramble, PDK4 mRNA was induced ( ‫ف‬ 2.2-fold) by DHA, while 18:1,n-9 and 18:3,n-3 had no significant effect on PDK4 mRNA. Induction (Ad-ATGL-infected cells) or knockdown (Ad-shRNA-ATGL-infected cells) of ATGL protein did not signifi cantly affect the response of PDK4 mRNA to FA challenge. As such, changes in ATGL expression do not affect FA regulation of PDK4, a PPARregulated gene, in AML12 cells.
DISCUSSION
The goal of this study was to defi ne the molecular and metabolic basis for Elovl5 control of HTG content in obese C57BL/6J mice. HFD-induced obesity in mice is associated with glucose intolerance, insulin resistance, and fatty liver ( 14 ) . Accompanying fatty liver are increased ER stress and major changes in FA metabolism and gene expression ( Figs. 2, 3, 7 ) . We focused on Elovl5 because its expression and activity were suppressed by у 50% in livers of mice fed the HFD ( 14 ) . Moreover, Elovl5 is a key enzyme in the pathway for n-7 MUFA and n-3 and n-6 PUFA synthesis, and these FAs regulate cell function through multiple mechanisms ( 14, 15, 18, 19 ) .
The key fi ndings of this study are as follows: 1 ) The HFD increased HTG content and the nuclear content of two ER-stress markers (XBP1 and ATF6 ␣ ) ( Figs. 1, 2 ). Increasing Elovl5 activity in livers of obese mice lowered HTG and ERstress markers. 2 ) Elevated Elovl5 activity increased TG catabolism in both lean and obese mice. FAO was low in livers of obese mice, and elevated Elovl5 did not increase the capacity for ␤ -oxidation ( Figs. 3-5 ) . 3 ) Elovl5 effects on TG catabolism were associated with the induction of hepatic ATGL and CGI58 ( Fig. 6 ) , key proteins involved in HTG catabolism in several tissues, including liver ( 5, 52, 60, 61 ). 4 ) The HFD signifi cantly altered hepatic n-7 MUFA and n-6 and n-3 PUFA content, and increased hepatic Elovl5 activity reversed many of these effects ( Fig. 8 ) . 5 ) Products of Elovl5 (i.e., EPA and DHA) induced ATGL, but not CGI58, expression in HepG2 cells through a PPAR ␤ -dependent mechanism ( Fig. 10 ). 6 ) The effects of the PPAR ␤ -specifi c agonist, GW0742, on ATGL expression and TG metabolism in AML12 cells mimicked Elovl5 effects on ATGL and TG metabolism in liver ( Fig. 10 ) . These studies establish that Elovl5 activity regulates hepatic levels of FAs controlling PPAR ␤ activity, ATGL, and TG catabolism.
TG metabolism
The effects of Elovl5 on TG catabolism reported here are consistent with the effects of Elovl5 knockdown on hepatic lipid metabolism. Global knockout of Elovl5 in mice promotes fatty liver ( 10 ) . This effect was attributed to the induction of sterol-regulatory element binding protein 1 (SREBP1) nuclear abundance and increased DNL. Products of Elovl5 (i.e., long-chain PUFAs) suppress hepatic SREBP1 nuclear abundance and DNL through multiple mechanisms ( 54 ) . In HFD-induced obese mice, hepatic SREBP1 nuclear content is severely reduced ( 14 ) ; this reduction is linked to the signifi cant reduction in mTORC1 ( 19 ) , a key regulator of SREBP1 ( 62 ) . As such, changes in SREBP1 and DNL and the lack of major effects on the GPAT1 fast-refeeding response (supplementary Fig. I ) cannot fully explain the accumulation of HTG in this model of HFD-induced fatty liver. The HFD does not decrease TG catabolism; the HFD attenuates ATGL, but not CGI58, protein abundance ( Fig. 6 ) . Increasing Elovl5 activity partially restored hepatic ATGL, while signifi cantly increasing hepatic CGI58 protein content ( Fig. 6C-E ) . These events are associated with increased capacity for TG catabolism in hepatic extracts ( Fig. 6A, B ) . As such, Elovl5 activity controls TG metabolism by regulating both TG production ( 10 ) and TG catabolism ( Fig. 6 ) . Supplemental Material can be found at: ( Fig. 3 ) . Despite the Elovl5 effects on the expression of these enzymes, FAO was not increased. Increased Elovl5 activity also suppressed PDK4 protein abundance by ‫ف‬ 50% in both lean and obese mice ( Fig. 4 ) . This change in PDK4 had no effect on the phosphorylation of the PDE1 ␣ , a key pyruvate dehydrogenase regulatory subunit ( 48 ) . Together, these fi ndings indicate that increasing Elovl5 activity does not increase hepatic capacity for ␤ -oxidation. This outcome agrees with a previous study showing that increasing Elovl5 activity in HepG2 cells had no signifi cant effect on FAO ( 22 ) .
Unsaturated FA metabolism and gene expression
Both the HFD and changes in Elovl5 activity were associated with signifi cant effects on hepatic MUFA and PUFA content ( Fig. 8 ) . The HFD decreased hepatic DHA content, while increasing Elovl5 activity reversed this effect. Western diet-induced fatty liver in Ldlr Ϫ / Ϫ mice is also associated with lower hepatic DHA content ( 12 ) . Increasing Elovl5 activity in livers of obese mice also increased 18:1,n-7, 22:4,n-6, and 22:5,n-6 when compared with their precursors. Testing these and other FAs in HepG2 cells established that ATGL mRNA, but not CGI58 mRNA, was modestly ( у 50%) induced by 18:1,n-7 and several C [20] [21] [22] n-3 and n-6 PUFAs, but not oleic acid (18:1,n-9) or C 18 PUFAs ( Fig. 9 ) . PUFAs regulate multiple pathways controlling gene expression and cell signaling ( 54 ) . Elovl5 is a PPAR-target gene, and its activity controls cellular levels of putative PPAR ligands ( 15 ) ( Fig. 8A ) . The HFD signifi cantly attenuated the expression of multiple PPAR-target genes ( Fig. 7 ) . One explanation for the HFD effect on PPAR signaling is that the HFD signifi cantly enriches the liver with SFAs and MUFAs, particularly 18:1,n-9. In rat primary hepatocytes, 18:1,n-9 does not activate PPAR ␣ ( 29 ). The HFD also suppressed the expression of genes involved in unsaturated FA synthesis (Elovl2, Fads1, Elovl6, and SCD1). Fads1, Elovl6, and SCD1 are regulated by PPAR and SREBP1 ( 15, 54 ) . As noted previously, SREBP1 is knocked down by the HFD. Of the genes knocked down by the HFD, none were induced by elevated Elovl5 activity.
Another explanation for the lack of induction of these genes is the formation of C 22 PUFAs in response to elevated Elovl5 activity. Our previous studies with rat primary hepatocytes suggested that C 22 n-3 PUFAs were poor activators of PPAR ( 29 ) . As such, the increased hepatic abundance of C 22 n-3 and n-6 PUFAs may fail to activate PPAR or interfere with other regulators of PPAR signaling. It remains unclear if C 22 n-3 and n-6 PUFAs are PPAR ligands. DHA activates PPAR because it is retroconverted to EPA, and EPA is a well-established PPAR ligand. Because PUFAs also regulate multiple signaling pathways originating from the plasma membrane ( 54 ) , it is also possible that C 22 PUFA-regulated cell signaling pathways affect PPAR function. More study is required to resolve this issue.
PPAR signaling
PDK4 was used as a model PPAR-target gene ( 48 ) . Its expression in HepG2 cells is induced by selective PPAR Fig. 11 . Effect of PPAR ␤ agonist and antagonist on ATGL expression and lipid metabolism in AML12 cells. A: AML12 cells at ‫ف‬ 80% confl uence were treated with vehicle (0.1% ethanol) or GW0742 (400 nM) for 48 h. RNA was isolated to measure ATGL and cyclophilin. Results are expressed as ATGL mRNA abundance fold change; mean ± SD, n = 4. a , P < 0.05 versus vehicle-treated cells. B: AML12 cells were treated with vehicle, GW0742 (400 nM), or GW0742 (400 nM) + GSK3787 (1 M) for 48 h. Cells were treated with 100 M 14 C-18:2,n-6 for 6 h in serum-free DMEM/F12 medium containing BSA (33 M). After FA treatment, cells were recovered for total protein measurement and total lipid extraction. Media was recovered for the measurement of FAO as ASM as described ( 22 ) . Total lipids were separated by TLC, and the distribution of 14 C in various lipids was quantifi ed by phosphorimage analysis as described ( 22 ) . Results are represented as 14 C-18:2,n-6 metabolites (as TGs, polar lipids, or ASM), nanomoles per milligram of protein; mean ± SD, n = 4. a , P < 0.05 versus vehicle-treated cells; b , P < 0.05 versus GW0742-treated cells; Student's t -test.
FAO
Hepatic FAO was examined at multiple levels. Finding that the HFD lowered blood levels of ␤ -hydroxybutyrate and hepatic capacity for ␤ -oxidation ( Figs. 1, 3 ) was consistent with the known effects of the HFD on hepatic FAO ( 25 ) . The restoration of plasma ␤ -hydroxybutyrate in obese mice with elevated Elovl5 activity suggested improved ␤ -oxidation ( Fig. 1B ) . This outcome, however, was misleading because a measure of the capacity for ␤ -oxidation in liver extracts ( Fig. 3A ) established that the HFD lowered hepatic ␤ -oxidation by 50%, and elevated Elovl5 activity did not restore ␤ -oxidation to levels seen in lean mice. Finding increased levels of hepatic fatty acyl carnitines in HFD-fed obese mice with elevated Elovl5 activity suggested that mitochondrial ␤ -oxidation was intact but may have been insuffi cient to deal with the excessive NEFA entering liver from TG catabolism. Acyl carnitines accumulate in tissues and blood level of individuals with in-born errors in FAO ( 63 ) . Our studies identifi ed a broad spectrum of hepatic acyl carnitines ( Fig. 5 ) and suggest that the defect in FAO was not localized to a specifi c enzyme.
The low capacity for mitochondrial FAO in livers of obese mice has been linked to SIRT3 activity and the acetylation status of specifi c mitochondrial proteins (e.g., LCAD) ( 25 ) . While we did not examine mitochondrial protein acetylation, we did examine the effect of the HFD and Elovl5 on expression of SIRT3 and enzymes involved in ␤ -oxidation. The HFD did not attenuate the mRNAs encoding these proteins. Increasing hepatic Elovl5 in livers of obese mice, however, induced mRNAs encoding CPT2, LCAD, and MCAD modestly (i.e., ‫ف‬ 2-fold), but not SIRT3 Fig. 12 . Effect of over-and underexpression of ATGL on 14 C-18:2,n-6 metabolism and PDK4 expression in AML12 cells. AML12 cells at ‫ف‬ 80% confl uence were infected with Ad-shRNA scrambled, Ad-shRNA-ATGL, or Ad-ATGL at 40 IU/cell. Levels of ATGL expression were assessed by mRNA (A) and protein (B and C) measurements. The loading control for the immunoblots was calnexin. Results are the mean ± SD, n = 4. a , P < 0.05 versus Ad-shRNA-scrambled-infected cells. D: AML12 cells not infected or infected with Ad-shRNA-scrambled, AdshRNA-ATGL, or Ad-ATGL as described previously were treated with 14 C-18:2,n-6 (100 M) in serum-free media containing BSA (33 M) as described in Fig. 11 . Six hours later, cells were harvested for protein measurement and total lipids (organic extraction). The media was assayed for ASM, and the total lipid extract was separated by TLC. The distribution of 14 C-18:2,n-6 metabolites was quantifi ed as described in Fig. 11 . E: AML 12 cells infected with Ad-shRNA-scrambled, Ad-shRNA-ATGL, or Ad-ATGL as described previously were treated with vehicle or FAs (18:1,n-9, 18:3,n-3, or 22:6,n-3) at 100 M (plus 33 M BSA) for 48 h and then extracted for RNA to measure PDK4 and cyclophilin expression. Results in D and E are representative of у 3 separate experiments in duplicate; mean ± SD, n = 3. a , P < 0.05 versus vehicle or Ad-shRNA-scrambled-infected cells; Student's t -test.
agonists and repressed by selective PPAR antagonists ( Fig. 10 ) . EPA and DHA induction of PDK4 is blocked by all PPAR antagonists. ATGL, in contrast, was only induced by the PPAR ␤ selective agonist (GW0742). EPA and DHA induction of ATGL was attenuated by the selective PPAR ␤ antagonist, GSK3787. Further examination established that treatment of AML12 cells with GW0742 increased ATGL mRNA ‫ف‬ 50% and lowered the incorporation of 14 C-18:2,n-6 into TGs by 25%. FAO, however, was not affected by GW0742 ( Fig. 11 ) . Thus, EPA and DHA regulate ATGL expression in human (HepG2) and mouse (AML12) cells through a PPAR ␤ -dependent mechanism.
Cis -VA, the MUFA product of Elovl5 elongation of palmitoleic acid, induced ATGL, but not PDK4 ( Fig. 9 ) . The time course for this induction was slow when compared with cis -VA induction of rictor ( 19 ) (supplementary Fig. IV) . Cis -VA induction of ATGL was not attenuated by any selective PPAR antagonist. Moreover, the combination of GW0742 and cis -VA acid did not yield an additive response. Thus, PPAR signaling is not required for cis -VA induction of ATGL.
In adipocytes, ATGL expression is repressed by insulin, at least in part through mTORC1 ( 64 ) , and induced in fasting in response to FoxO1 binding to the ATGL promoter ( 65 ) . The HFD promotes hyperglycemia, in part by inducing hepatic GNG, an effect that is mediated by increased nuclear abundance of FoxO1 and the induction of phosphoenolpyruvate carboxykinase and glucose-6 phosphatase. Elevated hepatic Elovl5 activity suppresses expression of genes involved in GNG by increasing FoxO1 phosphorylation and lowering FoxO1 nuclear content. The mechanism linking these events involves increased hepatic content of cis -VA, which induces rictor and activates the mTORC2-AKT2 pathway in livers of fasting mice ( 19 ) . Cis -VA regulation of FoxO1 is inconsistent with the induction of ATGL in livers of fasted mice. An alternative pathway might involve mTORC1. The HFD suppresses hepatic raptor expression leading to a signifi cant decline in mTORC1 signaling (i.e., p70S6kinase-389 T) ( 19 ) . Elevated Elovl5 activity suppresses mTORC1 further. As such, cis -VA may relieve mTORC1 inhibition of ATGL by downregulating mTORC1. Future studies will be required to test this hypothesis.
Finally, cellular ATGL levels have been linked to PPAR signaling (51) (52) (53) 59 ). Some have suggested that ATGL regulates cellular levels of FAs controlling PPAR activity. We examined the effect of altered ATGL expression on PDK4 signaling in mouse AML12 hepatocytes and used an adenoviral approach to knockdown (Ad-shRNA-ATGL) or overexpress ATGL (Ad-ATGL). As expected, these treatments had major effects on AML12 cell ATGL mRNA and protein ( Fig. 12A-C ) , as well as the amount of 14 C-18:2,n-6 recovered in the TG fraction ( Fig. 12D ) . Challenging AML12 cells with 18:1,n-9, 18:3,n-3, and 22:6,n-3 (DHA) established that only DHA induced PDK4 mRNA (2.5-fold) ( Fig. 12E ) . This response was not infl uenced by major changes in ATGL protein abundance ( Fig. 12A-C ) . The response of PDK4 to FA challenge was governed by the type of FA used to activate PPAR and not the level of ATGL expression. This result is consistent with our previous studies in rat primary hepatocytes ( 29 ) .
This outcome does not agree with the reports of others ( 52, 59 ) and may refl ect differences in cell culture models, methods of PPAR activation, or the type of FAs stored as neutral lipid in cells. In this regard, the HFD knocks down the expression of multiple PPAR target genes ( Fig. 7 ) including Elovl5 and ATGL. We suspect this outcome may be linked to the enrichment of the fatty liver with SFAs and MUFAs and its depletion of C [20] [21] [22] PUFAs ( Fig. 8 ) . Moreover, C 18 MUFAs and PUFAs do not induce PDK4, a PPAR-target gene ( Fig. 9 ) , and C 18 MUFAs do not activate PPAR ␣ in rat primary hepatocytes ( 29 ) . The capacity of ATGL to regulate PPAR-target genes may depend on the level of C [20] [21] [22] PUFAs stored in TGs.
Unanswered questions
A key unanswered question is how a change in Elovl5 activity in vivo regulates CGI58 protein abundance. According to Badin et al. ( 66 ) , in skeletal muscle of HFD-fed mice, CGI58 is induced, while ATGL expression is repressed. These authors report signifi cant changes in skeletal muscle DAG and membrane translocation of protein kinase C subtypes (PKC-and PKC-). As such, future studies will examine the role that PKCs and other signaling mechanisms play in Elovl5 control of CGI58 expression. Finally, our studies revealed a suppressive effect of elevated Elovl5 activity on TGH, also known as CES3 ( Fig. 6 ) . The liver expresses other CES subtypes (e.g., CES1) and possibly other enzymes involved in neutral lipid catabolism. Future studies will need to assess the impact of diet and PUFA metabolism on these enzymes.
Summary
We have established that increasing Elovl5 activity in livers of obese mice induces ATGL and CGI58 protein. This effect is associated with increased HTG catabolism, hepatic acyl carnitines, and plasma ␤ -hydroxybutyrate, but not increased capacity for ␤ -oxidation. We also established that cis -VA, EPA, and DHA, products of Elovl5 activity, induced hepatic ATGL, but not CGI58 expression. EPA and DHA, but not cis -VA, mediate control of ATGL through a PPAR ␤ -dependent mechanism. As such, hepatic PUFA metabolism plays an important role in controlling hepatic TG catabolism through PPAR ␤ -dependent mechanism regulation of ATGL expression.
